Ab initio calculations reveal that radiative lifetime of the lowest excited singlet state of 2-aminopyridine molecule should be around 20 ns, consistent with the molecules of the same type but is about one order of magnitude larger than the claimed experimental fluorescent lifetime in recent years. An S 1 / S 0 conical intersection close to the S 1 state has been located, which could be the possible nonradiative channel that is responsible for the fast decay observed in the experiment.
I. INTRODUCTION
A simple molecule such as 2-aminopyridine ͑2-AP͒ becomes interesting probably mainly because its hydrogenbonded dimer has been used as a model system to mimic the DNA base pairs. 1, 2 It is well known that DNA can be easily damaged by the ultraviolet component ͑wavelength Ͻ 400 nm͒ of the sunlight. The possible mechanisms for photodamage and photostability of DNA bases have been widely studied. The ultrashort lifetime of DNA may be associated with base-pairing and base-stacking interaction, genuine electronic property of DNA bases, and the solvation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] However, it is difficult to identify the exact mechanism due to the complexity of DNA structures. In this context, the 2-AP dimer was used as a simplified model for DNA base pairs by Schultz et al. 1 and Sobolewski and Domcke. 2 In their pump-probe ionization spectroscopy studies, it was found that the excited-state population of the isolated 2-AP monomer relaxed with a lifetime of = 1.5 ns, while the 2-AP dimer showed a quite reduced lifetime of = 65 ps. Based on the high-resolution electronic spectra of 2-AP molecule in gas phase, Borst et al. 11 concluded that the measured fluorescence lifetime of 2-AP monomer was about 1.5 ns. With this in mind, the reduced lifetime of the dimer could thus be considered as the result of the involvement of nonradiative decay due to single proton transferring between two monomers. 1 Early in 1976, Babiak and Testa 12 studied the fluorescence yields of 2-, 3-, and 4-aminopyridines in a variety of solvents and concluded that the fluorescence spectra of 2-and 3-AP have very similar behavior. Indeed, the experimental fluorescence lifetime was found to be 21.2Ϯ 0.1 ns ͑Ref. 12͒ for 3-AP in neutral form, which was close to the value of 18 ns ͑Ref. 13͒ for the natural 2-AP. For the latter, values in the region of 10-20 ns ͑Ref. 14͒ were also reported. However, in a supersonic beam study by Hager et al., 15 the upper limit on the fluorescence of the bare 2-AP molecule was set to be 2 ns, a view that seems to be supported by recent experimental results. 1, 11 It is noted that the difference in fluorescence lifetimes of 2-AP in gas phase and in solution is quite unusual, which might be explained by collisions between solvent and solute molecules, which accelerate the intrastate vibrational relaxation to the minimum of the S 1 state and consequently reduce the probability of nonradiative decays. Many experimental and theoretical studies have been devoted to photophysical properties of molecules with structures similar to 2-AP. 9, 10, [16] [17] [18] [19] [20] [21] The surface intersection between the S 1 and S 0 states was found to play a crucial role for radiationless deactivation process. An extremely facile internal conversion has been identified for all nucleobases because of their genuine molecular property. Femtosecond transient absorption spectroscopy and ab initio calculations for excited-state deactivation of pyridine molecule led to the conclusion that along a "prefulvenic" pathway, there was an ultrashort internal conversion between the S 1 state and the ground state. 20 Recently, an out-of-plane ring deformation was confirmed to be a deactivation pathway for the 6-AP molecule in the S 1 state. 21 To resolve the uncertainty related to the lifetime of S 1 state of 2-AP molecule, we have carried out ab initio calculations to identify the contributions from possible radiative and nonradiative channels. To the best of our knowledge, there is no similar study reported in the literature.
II. COMPUTATIONAL DETAILS
All geometry optimizations were carried out by using the complete active space self-consistent filed method ͑CASSCF͒ and the cc-pVDZ basis set without any symmetry constrained. The active space used for the optimization of stationary points ͑local minima and saddle points͒ on both ground ͑S 0 ͒ and the lowest singlet excited ͑S 1 ͒ states included ten electrons distributed over eight valence orbits, denoted as CAS͑10,8͒. To study the ring deformation on the lowest ring and a pair of the N-H and ‫ء‬ orbits. Nature of the stationary and saddle points was validated by Hessian calculations. Zero point energy correction has been taken into account for the barrier heights and dissociation energies. All calculations were carried out using GAUSSIAN03 program package. 22 The radiative lifetime can be calculated by a simple working formula = 1.5003/ f⌬E 2 , where f is the oscillator strength of the excited state, ⌬E is the emission energy in cm −1 . Linear response ͑LR͒ calculations at multiconfiguration self-consisted field ͑MCSCF͒, couple cluster singles and doubles ͑CCSD͒ models, and density functional theory levels as implemented in DALTON 2.0 program 23 were performed to obtain the values of f and ⌬E. The active space of eight orbits occupied with ten electrons was also used in the LR MCSCF calculation to be consistent with the state-specified CASSCF calculation. The Becke-3-Lee-Yang-Parr ͑B3LYP͒ functional was chosen to perform the DFT-LR calculation as implemented in DALTON 2.0. 23 All excited-state calculations were based on the geometry optimized at CAS͑10,8͒/ccpVDZ level.
The famous Rice-Ramsperger-Kassel-Marcus ͑RRKM͒ theory, based on the statistical equilibrium and harmonic assumption, has been proven to be an effective method to treat the rate constant of unimolecular reactions. The RRKM theory with tunneling effect was used to calculate rate constants of several reactions studied in this work. Ignoring rotational degrees of freedom, the expression for the unimolecular rate constant ͑units s −1 ͒ ͑RRKM͒ of an isolated molecule with total energy E that incorporates tunneling is given by 24 
k͑E͒
where ͚ n P͑E 1 − n ͒ is the integral density for the transition state with considering tunneling effect and N 0 ͑E͒ is the integral densities of states for the reactant molecule. Eckart potential model has been chosen to calculate the tunneling probability, which is considered as a good tunneling modification in general. It should be pointed out that ultrafast nonradiative processes occurring in 2-AP might reach the limitation of statistical equilibrium distribution, which is the premise for the transition-state rate calculations. Quantum dynamics in terms of quantum wave packets is more appropriate for describing ultrafast processes. However, quantum dynamics calculations require a very large amount of information about potential energy surfaces, which are hard or even impossible to obtain from first principles for the 2-AP molecule.
III. RESULTS AND DISCUSSIONS

A. Fluorescent decay of 2-AP molecule
The CASSCF/cc-pVDZ optimized geometry structures of S 0 and S 1 states are shown in Fig. 1 . The S 0 equilibrium structure is nonplanar with two amino hydrogen atoms out of the plane of the aromatic ring, while the S 1 state has a nearly planar structure. At CAS͑10,8͒/cc-pVDZ level, the S 1 state is 4.63 eV higher than the ground state including the zero point energy, while the calculated vertical excitation energy is 5.03 eV.
Based on the equilibrium geometry of S 1 state optimized by CAS͑10,8͒/cc-pVDZ method, emission energy and oscillator strength were calculated using LR at different theoretical levels, and the results are given in Table I . It could be seen that the MCSCF calculation gives much longer fluorescence lifetime than other methods. We have also calculated the absorption energy and oscillator strength based on the ground state geometry. In this case, LR and geometry opti- for 2-AP molecule could not be solely from fluorescence. Certain nonradiative processes must be involved in the decay.
B. Nonradiative photochemical pathways
We have found four possible nonradiative photochemical pathways for the first excited state of 2-AP molecule, including ring opening, intramolecular hydrogen transfer, hydrogen detachment, and ring deformation reactions, whose mechanisms are discussed in detail below.
Aromatic ring opening
For such an aromatic ring system, an expected decay pathway could be aromatic ring opening reaction. 25 The calculated stationary structures and potential energy profile are given in Fig. 2 . The barrier for the ring opening on the S 1 state is 1.35 eV. If there should be enough energy to overcome the barrier, the aromatic ring could open at the C-N bond, leading to a product with chainlike structure ͓Fig. 2͑b͔͒. However, since the barrier is much higher than the vertical excitation energy of 5.03 eV, the probability for the ring opening could be very low.
Intramolecular hydrogen transfer
Hydrogen bonding between the hydrogen atom of amino group and the nitrogen atom on aromatic ring in 2-AP molecule was suggested by Hollas, 14 which was also called as intramolecular hydrogen transfer. As a result, the character of the nitrogen atom on the aromatic ring is weakened, whereas the conjugated interaction between the amino group nitrogen and the aromatic ring becomes stronger. The structures of the transition state and product along this pathway, as well as the potential energy surface, are shown in Fig. 3 . The transition state of this reaction is located about 6.03 eV above the ground state, which is 1.00 eV higher than the calculated vertical excitation energy. The calculated energy profile along the path of intramolecular hydrogen transfer as shown in Fig. 3͑c͒ indicates that the energy of the ground state does not increase as much as that of the S 1 state. Therefore, the decay probability from S 1 to S 0 along this pathway could thus be very small.
Hydrogen detachment
There exists an alternative hydrogen transfer process for aromatic aminolike complex, namely, H-atom detachment, which was involved in an effective deactivation pathway for photoexcited pyrrole, indole, and phenol. 26, 27 For these systems, a repulsive 1 ‫ء‬ state intersects with the photoexcited 1 ‫ء‬ state along the amino hydrogen detachment reaction pathway and decays to the ground state by a ultrafast internal conversion process via a conical intersection between the 1 ‫ء‬ state and the ground state. The H-atom detachment mechanism of 2-AP molecule is also identified in this work; the two conical intersections of 1 ‫ء‬ / 1 ‫ء‬ and 1 ‫ء‬ / S 0 are located along this pathway, as shown in Figs. 4͑a͒ and 4͑b͒ . In Fig. 4͑c͒, the higher than the barrier of intramolecular hydrogen transfer reaction ͑1.40 eV͒ as given in Fig. 3 . Therefore for 2-AP system, the H-atom detachment reaction pathway could not provide an effective deactivation pathway as it did for other molecules, 26, 27 even though the energy of the 1 ‫ء‬ / S 0 conical intersection is quite low.
Ring deformation pathway and S 1 / S 0 conical intersection
A prefulvenic reaction pathway known as "channel three effect" was suggested for benzene and benzenelike molecules, [28] [29] [30] which corresponded to a fast nonradiative deactivation of excited state. One carbon atom in the aromatic ring tends to move out of the ring during this reaction pathway. Experimental and theoretical studies for the 1 ‫ء‬ state deactivation of the pyridine molecule have led to the conclusion that along the prefulvenic pathway, there was an ultrashort internal conversion to the ground state. 20 In this work, a similar reaction pathway, named as ring deformation reaction, is found for the 1 ‫ء‬ state of 2-AP molecule. A transition state with a barrier height of 0.13 eV is identified by frequency analysis, which has a prefulvenelike structure. We have located S 1 / S 0 conical intersection and its optimized structure is shown in Fig. 5͑b͒ . It is found that the molecular structure at conical intersection is quite close to the transition state ͓Fig. 5͑a͔͒. A better picture to illustrate the prefulvenic process is given in Fig. 5͑d͒ . From the energy potential profile in Fig. 5͑c͒ , one can see that resonant vertical excitation with energy of 5.03 eV is adequate to overcome the low energy barrier and reaching the ground state through the conical intersection. In another word, this is a rapid pathway for the decay of the S 1 state involving internal conversion process.
Rate constants for various nonradiative decay pathways
We have employed RRKM theory with inclusion of tunneling effect to calculate rate constants of the proposed three photochemical reactions ͑ring opening, intramolecular hydrogen transfer, and the ring deformation͒; the results are given in Table II . For the hydrogen detachment reaction, the rate constant was not calculated because of its high energy barrier. Apparently both intramolecular hydrogen transfer and ring opening reactions could not compete with the ring deformation reaction, whose rate on the S 1 state is found to be 8.69ϫ 10 11 s −1 at CAS͑10,8͒ level. Such a rate corresponds to a very short lifetime of 1.1 ps, which is much lower than the fluorescence lifetime of 19.7 ns. One thing seems to be clear that photochemical property of 2-AP molecule is similar to that of pyridine and DNA bases, 20, 22 for which the nonradiative process ͑internal conversion via the S 1 / S 0 conical intersection͒ also dominates the whole decay processes. The combination of both radiative ad nonradiative lifetimes leads to a value of 3.3 ps, which is much smaller than the experimental value of 1.5 ns. It is noted that the nonradiative lifetime is sensitive to the barrier height for the ring deformation reaction and the vertical excitation energy. For instance, when the CCSD result ͑4.88 eV͒ for the vertical excitation energy is used, the lifetime could become 8.5 ns. It is very unfortunate that limited by our computational capacity, it is not possible to obtain the entire potential surface from higher-level calculations. In addition, the theoretical model used here could overestimate the rate of radiationless decay of 2-AP molecule.
IV. CONCLUSIONS
Our calculations present an ultrashort nonradiative process for first excited 2-AP molecule involving a ring deformation reaction pathway on S 1 state. The presence of low reaction energy barrier and conical intersection between S 1 and S 0 states along this pathway could probably result in a fast decay rate of excited 2-AP. The theoretically fluorescence lifetime for 2-AP molecule could not compete with the fast nonradiative deactivation. We have shown that the lifetime of the S 1 state of 2-AP molecule is very sensitive to the barrier height along the reaction path of the ring deformation and consequently is sensitive to the level of theory.
